Leukocyte trafficking to the small and large intestines is tightly controlled to maintain intestinal immune homeostasis, mediate immune responses, and regulate inflammation. A wide array of chemoattractants, chemoattractant receptors, and adhesion molecules expressed by leukocytes, mucosal endothelium, epithelium, and stromal cells controls leukocyte recruitment and microenvironmental localization in intestine and in the gut-associated lymphoid tissues (GALTs). Naive lymphocytes traffic to the gut-draining mesenteric lymph nodes where they undergo antigen-induced activation and priming; these processes determine their memory/effector phenotypes and imprint them with the capacity to migrate via the lymph and blood to the intestines. Mechanisms of T-cell recruitment to GALT and of T cells and plasmablasts to the small intestine are well described. Recent advances include the discovery of an unexpected role for lectin CD22 as a B-cell homing receptor GALT, and identification of the orphan G-proteincoupled receptor 15 (GPR15) as a T-cell chemoattractant/trafficking receptor for the colon. GPR15 decorates distinct subsets of T cells in mice and humans, a difference in species that could affect translation of the results of mouse colitis models to humans. Clinical studies with antibodies to integrin α4β7 and its vascular ligand mucosal vascular addressin cell adhesion molecule 1 are proving the value of lymphocyte trafficking mechanisms as therapeutic targets for inflammatory bowel diseases. In contrast to lymphocytes, cells of the innate immune system express adhesion and chemoattractant receptors that allow them to migrate directly to effector tissue sites during inflammation. We review the mechanisms for innate and adaptive leukocyte localization to the intestinal tract and GALT, and discuss their relevance to human intestinal homeostasis and inflammation.
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Recruitment of lymphocytes from the circulation into tissues is directed through a multistep process of lymphocyte-endothelial recognition. In this process, expression of complementary trafficking receptors on lymphocytes and endothelial cells mediates access to extravascular tissues. [3] [4] [5] [6] [7] The steps involved comprise a coordinated series of interactions of adhesion and signaling molecules ( Figure 1 ). Classically, engagement of lymphocyte adhesion molecules on microvilli with their vascular ligands causes cells to tether and roll on blood vessel endothelial surface. In some settings, rolling must be slowed by additional adhesion receptors. Chemoattractant receptors activated by chemokines or other ligands induce the firm integrin-dependent arrest of lymphocytes under shear flow. Chemoattractants also mediate the diapedesis of the cells through the vascular endothelium and into specific microenvironments. Recent studies have described remarkably sophisticated molecular specialization and regulation at each step in this cascade, and the reader is referred to recent reviews for further information. 8, 9 Combinatorial association of chemoattractant and adhesion receptors allows for diversity of tissue and microenvironmentspecific targeting. 10, 11 In this review, we highlight the mechanisms and molecules that control leukocyte trafficking to the small and large intestines and to the GALT. We focus primarily on lymphocyte homing, but also consider mechanisms and control of dendritic and myeloid cell recruitment to the gastrointestinal tract. We discuss recent advances and their potential human relevance.
bind the B cell CD22; and CD22-fragment crystallizable region selectively binds PP HEVs. 18 CD22 is expressed by naive and memory B cells, but not by antigen-secreting cells. Homing of naive IgD + B cells to PPs was impaired dramatically in mice deficient in CD22 or St6gal1. In contrast, T-cell recruitment was not affected. More studies are needed to determine the precise role of CD22 and its ST6GAL1-dependent carbohydrate addressin ligand in the multistep process of B-cell recognition of PP HEVs, as well as their roles in recruitment of B cells to the gut wall. Human B cells express CD22, and an antibody against glycotopes produced by ST6GAL1 binds to HEVs in human mucosal lymphoid organs. 29 Thus, CD22 and its vascular ligand may contribute to B-cell homing to GALT in humans as well.
Homing of Lymphocytes to the Intestinal Epithelium
There are 2 major subsets of intraepithelial lymphocytes (IELs). Conventional or type a IELs, similar to lamina propria T cells (see later), originate from circulating T cells activated in lymphoid organs and imprinted for gut homing using α4β7 and CCR9. Unconventional or type b IELs, in contrast, derive from CD8αβ thymocytes that migrate to the intestinal epithelium and undergo further differentiation into IELs, 2 although some type b IELs also may arise extrathymically. 30, 31 Interestingly, naive CD8αβ recent thymic emigrants already express α4β7 and CCR9 when they leave the thymus, they home directly via the blood to the small intestines without requiring education or imprinting in lymphoid tissues. 1 Naive CD4 + T cells also localize to the small intestine epithelium using α4β7, but they do not require CCR9 for this process. 2 GPR18 was implicated in localization or accumulation of CD8αα-positive T cells in the intestinal epithelium, but not in their recruitment from the blood. 32 
Homing of Leukocytes to the Lamina Propria
It has been known for more than 40 years that lymphoblasts from the MLNs, in contrast to small resting lymphocytes, migrate selectively to the intestine lamina propria (reviewed by Butcher and Picker 3 and Salmi and Jalkanen 5 ). Upon T-cell priming and activation in the GALT, gut-homing blasts up-regulate integrin α4β7 and CCR9, which direct them to the small intestine lamina propria 33, 34 (Figure 1 ). Such induction of specific trafficking programs is termed imprinting, and in MLNs is mediated in part by retinoic acid produced by migratory intestinal conventional DCs [35] [36] [37] and/or by stromal cells. 38 
T Cells
The small intestine epithelium produces the chemokine CCL25 (also known as thymusexpressed chemokine), a ligand for the chemokine receptor CCR9, and lamina propria venules express the α4β7 integrin ligand MADCAM1. 15, 39, 40 Lymphocytes that express both α4β7 and CCR9, including lymphoblasts and memory/effector T cells activated in GALT by antigens from the small intestines, are recruited to the small intestine. Homing also involves the β2 integrin lymphocyte function-associated antigen-1 (CD11a/CD18). 41 Adoptive cell transfer and intravital microscopy studies have confirmed that small intestine lamina propria T cells, but not spleen T cells, bind to small-intestine microvessels in the lamina propria, and that binding requires integrin α4β7 and MADCAM1. 42 Vascular cell adhesion molecule-1 (VCAM1), which selectively binds lymphocytes through integrin α4β1 and mediates lymphocyte homing to non-intestinal sites of chronic inflammation such as in lung, skin and the inflamed central nervous system (CNS), is not normally expressed by intestinal venules, but can be up-regulated on vessels, perhaps particularly in the submucosae, during inflammation. 43 Whether this allows recruitment of α4β1 + β7 − lymphocytes, which normally are excluded from the gut wall, remains to be determined.
Interestingly, expression of CCL25 decreases from the proximal to the distal small intestine in mice, 44 and CCR9-independent mechanisms contribute to homing of T cells to the distal small intestine (shown for effector CD8αβ + T cells). 45 Colon epithelium expresses little CCL25, 39, 46 few mouse or human colon T cells express CCR9, 39, 47 and CCR9 is not required for trafficking of T cells to the colon. The large-intestine epithelium, as well as respiratory and salivary gland epithelia, produces the chemokine CCL28 (also known as mucosae-associated epithelial chemokine), which binds to the receptor CCR10. CCR10 mediates localization of plasmablasts to the colon (discussed later), but is not expressed on most colon T cells 48 and does not appear to contribute to their recruitment. Instead, CCR10 is expressed preferentially by subsets of skin-homing T cells, mediating their epidermotropism. 49 As discussed in detail later, the orphan G-protein-coupled receptor 15 (GPR15) directs T cells to the colon.
CCR6 and its ligand CCL20 also can contribute to localization of T cells to the intestines. 50 CCL20 can be induced by inflammation in epithelial and other cells, and is expressed constitutively by the specialized epithelium overlying PP follicles and colon patches. CCR6 is expressed by T-helper (Th) 17 cells, and may help mediate regional localization of these cells in the mouse intestines, especially in inflammation. 50 CCR6 and CCL20 contribute significantly to lamina propria T-cell recruitment to the inflamed small-and large-intestine colon, but not in the absence of inflammation. 51 CXCR4 and its widely expressed ligand CXCL12 also may participate in lymphocyte localization to the gut. 51 Colon tissues from patients with inflammatory bowel diseases (IBDs) and mice with colitis express higher levels of CCL20 than uninflamed colon tissues. 52, 53 Moreover, antibodies against CCL20, or desensitization to CCR6, block adhesion of T and B cells to inflamed microvessels in mice with dextran sodium sulfate (DSS)-induced colitis. 52 These results indicate that CCR6 and CCL20 mediate the recruitment of T cells to the epithelium overlying the PPs and colon patches under homeostatic conditions, and the localization of T cells to the small-and large-intestine lamina propria during inflammation.
T-Regulatory Cells
Like T-effector and memory cells that localize to the intestine, T-regulatory cells (Tregs) that home to the small intestine also express CCR9 and integrin α4β7 in the MLN. 54, 55 Expression of integrin α4β7 and CCR9 on Tregs is required for induction of oral tolerance to antigen. 56, 57 Although increased expression of the integrin α4β7 by circulating Tregs correlates with a reduced risk of intestine graft-vs-host disease in humans beings, 58 few circulating human Tregs express integrin α4β7, as opposed to cutaneous lymphocyte antigen, which allows them to localize to the skin. 59 This leads to the question of whether additional adhesion molecules mediate migration of Tregs to the intestine. However, it is important to note that Tregs can regulate intestinal responses not only in the gut wall, but also in the GALT, where they can inhibit activation and generation of effector T cells. In lymphopenic mice that develop colitis after transfer of naive (CD45B high ) T cells, transfer of CD25 + Tregs leads to resolution of the colitis. 60 Tregs require CCR7, but not β7 integrins, to suppress colitis in this model. 61, 62 Therefore, in this model, Treg homing to the gut wall is not required to prevent colitis. On the other hand, in mice with Citrobacter rodentium-induced colitis, Treg localization to the gut wall reduced inflammation, 63 indicating that the suppressive activities of Treg cells and their localization in GALT vs intestinal wall can vary among models. In mice with chronic ileitis, CCR5 appears to contribute to migration of FOXP3 + Tregs (retroviral transduced with murine FoxP3 gene) to inflamed lesions of the distal small intestine. 64 As for T-effector and memory T cells, interactions between CCR6 and CCL20 could be important for the migration of Tregs to the inflamed colon; Ccr6 −/− Tregs have a reduced ability to enter the inflamed colon and moderate colitis in mice. 50, 65 Human and mouse Tregs also can express CCR10, implicated in their recruitment to epithelial tissues such as the skin and bile ducts. 66 Given the dependence of Treg function on their localization, 67, 68 further studies of Treg trafficking properties and regulation are warranted.
Role of GPR15 in Colon T-Cell Homing
GPR15 is an orphan G-protein-linked receptor with homology to chemokine receptors. A role for GPR15 in T-cell localization to the colon initially was suggested by a microarray study of tissue-resident lymphocytes, which showed preferential expression of Gpr15 by memory phenotype CD4 + T cells in the colon, compared with those in other tissues (Habtezion et al, unpublished data; and Nguyen et al 69 ) . Subsequent studies based on this observation confirmed the ability of GPR15 to mediate T-cell localization to the mouse colon. 63, 69 GPR15 is important for both regulatory and effector and memory T-cell accumulation in the large intestine, and mediates short-term homing of ex vivo polarized Th17 cells, 69 and of GPR15-transduced T cells to the colon. 63 Moreover, GPR15-mediated T-effector-cell homing to the colon is required for pathogenesis in the classic CD45RB high T-cell transfer model, in which T-effector-cell homing to the colon is critical. 69, 70 Conversely, in this model, Tregs act in the GALT and not primarily in the lamina propria, thus GPR15 is not required for Treg suppression of disease. On the other hand, GPR15-mediated Treg homing is required for efficient control of gut inflammation in a Citrobacter rodentium-induced colitis model. 63 GPR15 expression and function is not limited to colon T cells and their trafficking. In mice, GPR15 is expressed by subsets of CD4 + Treg and CD8 + T cells in other tissues, and emerging studies have suggested that GPR15 may have a broad role in T-cell localization to epithelial surfaces. For example, GPR15 mediates the early recruitment of thymus-derived, dendritic, epidermal T-cell precursors to the epidermis during fetal development in the mouse. 71 In humans, an antibody against GPR15 binds diverse subsets of circulating T cells, including many skin-homing and other integrin α4β7-negative memory CD4 + T cells, as well as subsets of gut-homing (α4β7 + ) memory T cells and subsets of blood (but not colon) CD25 + CD127 low Tregs (Butcher and Habtezion et al, unpublished data). 72 The regulation of GPR15 remains incompletely understood, although transforming growth factor β1 and gut microbiota, but not retinoic acid, can up-regulate its expression during T-cell activation ( Figure 2 ). 63 Its physiologic ligand also remains to be determined. Homing of GPR15-expressing T cells to the colon occurs in the absence of microflora, 63 so cells of the gut wall, rather than microbiota, are the likely source of GPR15-attracting molecules. We can look forward to future studies of this chemoattractant receptor in intestinal immune biology, and to identification of its physiologic ligand(s).
Importantly, there are striking differences in the subsets of T cells that express GPR15 in humans compared with mice. As noted earlier, major subsets of blood-borne memory CD4 cells in humans, but not in mouse, express the receptor. In the lamina propria of human colon, effector T cells strongly express GPR15-particularly Th2 cells-but the receptor is not detected on colon-resident FOXP3 high Tregs, 63, 69, 72 suggesting a selective role for the receptor in pathogenic vs regulatory cell recruitment to the colon. Indeed, studies of shortterm localization of human T-cell subsets injected into the ileocolic arteries of mice found that knockdown of GPR15 inhibited T-effector cell but not Treg homing to the inflamed colon, whereas blocking antibody against integrin α4β7 (vedolizumab) inhibited both T-cell subsets, confirming involvement of specific trafficking mechanisms. 72 Together, these independent studies 69, 72 suggest that GPR15 mediates localization of human T effector cells but not of human Tregs to the inflamed colon. Thus, GPR15 antagonism should be evaluated for the treatment of colitis in patients.
The species-specific differences in GPR15 expression are associated with differences in binding of transcription factors to enhancer sequences of the GPR15 gene. 69 Human (but not mouse) Th2 cells express high levels of GPR15, and this correlates with strong binding of the master regulator of Th2 differentiation, transcription factor GATA3, to a downstream enhancer in human Th2 cells, whereas GATA3 does not bind the homologous site in mouse Th2 cells (Figure 2) . Moreover, reduced expression of GPR15 by human colon Tregs, which strongly express FOXP3, correlates with stronger binding of transcriptional repressor FOXP3 to the human vs the mouse enhancer sequences. 69 These differences in master transcription factor binding to human vs mouse regulatory sequences in the GPR15 gene may underlie the dramatic differences in GPR15 expression by human vs mouse T cells.
Plasma cells
B cells use chemokine receptors to support various stages of their development and function as they move through the follicular microenvironment, develop into memory cells or plasmablasts, and migrate via lymph and blood to tissues for local immune surveillance or for secretion of antibodies. B cells recirculating through or activated in PPs exit in lymph to the MLN, where they can receive further antigenic stimulation in response to migratory intestinal DCs. Exit of B cells from PPs into lymph is regulated by CXCR5 (which promotes their retention), CXCR4, and the G-protein-coupled receptor sphingosine-1 phosphate receptor 1 (which promotes their egress). 73 Memory B cells characteristically express CCR6, which can target them to sites of inflammation as discussed for T cells earlier. Memory B cells also show tissue-specific homing receptors, similar to those discussed earlier for T cells: for example, α4β7 is expressed more highly by intestinal memory B cells than by naive B cells, and a subset of α4β7 high memory B cells expresses CCR9. B cells developing into antibody-secreting plasmablasts also are imprinted with gut trafficking programs before their exit from MLN. 74, 75 Unlike memory B cells, plasmablasts lack CCR6, but in the MLN, IgA plasmablasts up-regulate α4β7 in combination with CCR9 and/or CCR10. 76, 77 Expression of integrin α4β7 and CCR9 is induced on developing plasmablasts by retinoic acid, just as in T cells, 78 and colon patch DCs induce expression of CCR10 on developing plasmablasts. 79 As for T cells, selective localization of plasmablasts to the small intestine is mediated predominantly by α4β7/MAD-CAM1 and CCR9/CCL25. 80 However, CCR10 and its ligand CCL28 can mediate plasmablast homing to both small and large intestines. CCL28 is a common mucosal chemokine that is expressed highly by epithelial cells in the colon, respiratory tract, salivary glands, and other nonsquamous mucosal epithelia, and at lower levels in the small intestine. 48, 81 Plasma cells in the human and mouse small-intestine lamina propria express CCR9 and CCR10. 48, 81, 82 Blocking either CCL25 or CCL28 partially prevents small intestinal accumulation of IgA + cells, 81 indicating that CCR9 and CCR10 have overlapping roles in localization of these cells to the small intestine. In contrast, antigen-secreting cells in the colon express CCR10 but not CCR9, and anti-CCL28, but not anti-CCL25, inhibits accumulation of IgA-producing plasma cells in the colon. 48, 81, 82 CCR10 and CCL28 therefore, in conjunction with integrin α4β7, support localization of IgA + plasmablasts to the colon. 48, 77, 79, 81, 83 In patients with active colitis, circulating plasmablasts express high levels of integrin α4β7 and CCR10, compared with patients without colitis. 84 CCR10 with integrin α4β1 and vascular VCAM1 also mediate localization of integrin α4β7-negative plasmablasts to nonintestinal mucosal sites where CCL28 also is expressed (the respiratory tract, salivary, lacrimal glands, and potentially the genitourinary tract). Expression of a shared mucosal attractant receptor among IgA-secreting cells may facilitate dissemination of immune responses to diverse mucosae, providing a basis for concepts of a common mucosal immune system. 85 However, CCR10 cannot fulfill such a unifying role for T-cell responses. Among effector and central memory T cells, CCR10 is almost entirely restricted to integrin α4β1 + α4β7 − cutaneous lymphocyte antigen + skin-homing cells (providing T-cell attraction to the CCR10 ligand CCL27, which is expressed on keratinocytes).
Migration of DCs
DCs are potent antigen-presenting cells, specialized for processing and transporting antigens and microenvironmental signals from peripheral sites to draining lymph nodes for presentation to T cells. [86] [87] [88] In the gastrointestinal tract, DCs continually sample dietary, commensal, and pathogenic microflora antigens. Intestinal DCs are divided into specialized subsets, each of which is characterized and in part defined by their expression of unique trafficking and adhesion receptors, and migratory properties.
Conventional DCs
Expression of CD103 (integrin α E ) defines the major conventional DC (cDC) populations in the gut. 35, 36, 89 In combination with β7 integrin, CD103 mediates cellular adhesion to Ecadherin (CDH1), expressed by epithelium. Analogous to its role in CD8 + T cells, 90 CD103 expression and activation may regulate retention of DCs in the gut. Expression of CD11b or integrin α M , the α chain of the β2 integrin Mac1, divides these CD103 + cDCs into CD11b − and CD11b + cDC subsets (recently designated cDC1 and cDC2, respectively). 91 Similar subsets populate the human intestinal lamina propria. 92 cDC1 express the chemokine receptor XCR1, 93 whose ligand XCL1 is expressed by CD8 + T cells. XCR1-mediated attraction to CD8 + T cells may contribute to the specialized ability of cDC1 to cross-present antigens and induce responses in CD8 + T cells. 94 cDC1 and cDC2 differ in their expression of receptors for inflammatory chemokines (eg, CCR1 on cDC2 vs CXCR3 on cDC1 92 ), which may regulate their microenvironmental position and their interactions with other cells in the context of pathogenic inflammation or infection. cDC1 and cDC2 also express distinct Toll-like receptors, which allows them to sense and respond to different types of microbes; these Toll-like receptors in turn trigger CCR7 up-regulation and migration of the responding cDC subset to draining MLN. cDC2 express CLEC4 family C-type lectins, including CD209 (also known as DC-SIGN [specific intercellular adhesion molecule-3-grabbing nonintegrin]) in human cells; CD209 supports interactions with activated T cells through ICAM3, and can mediate ICAM2-dependent DC rolling on endothelium. It may contribute to recruitment of blood-borne cDC precursors. 95 Human but not mouse circulating and intestinal cDCs express high levels of integrin α4β7 92 ; this gut trafficking receptor is downregulated in developing mouse CD103 + cDCs, as CD103 is up-regulated. 96 With antigen capture and processing, cDC1 and cDC2 mature and express CCR7, which mediates their entry into afferent lymphatics and migration to the draining MLN where they prime antigen-specific lymphocytes (Figure 1 ) 36,97,98 -a process necessary for mucosal IgA and T-cell immunity (Figure 1 ). 99 Afferent lymphatic endothelium expresses the CCR7 ligand CCL21, which directs mature cDCs into the lymph. Migratory intestinal DCs also are specialized in their ability to process vitamin A to retinoic acid for presentation, along with antigen, to responding T cells. 37, 100, 101 Retinoic acid imprints small-intestine homing properties on T cells activated in the MLN, by inducing expression of integrin α4β7 and CCR9 [102] [103] [104] and suppressing induction of skin-homing receptors. 49 The ability of migratory intestinal cDCs to generate retinoic acid also contributes to their tolerogenic function because retinoic acid inhibits effector cell and favors Treg differentiation in the absence of pathogen-associated signals. 100, 101 Recent studies also have shown that retinoic acid programs intestinal migration of innate lymphoid cell subsets (innate lymphoid cell subsets 1 and 3) via induction of integrin α4β7 and CCR9 in the MLN. 105 Subsets of DCs use CCR6 to migrate to the CCL20-expressing subepithelial dome of PPs for antigen sampling from specialized M cells, which are concentrated in the overlying epithelium. 106, 107 CCR1 interaction with CCL9 also has been implicated in the recruitment of CD11b + DCs into the subepithelial dome. 108 In addition to the well-characterized CD103 + cDCs, which are derived from dedicated bone marrow precursors, the lamina propria contains populations of CD103-negative mononuclear phagocytes that express the chemokine receptor CX3CR1. These include a minor migratory CD103-negative subset of cDCs derived from Fms-related tyrosine kinase 3-dependent bone marrow precursors with a CX3CR1 int CCR2 + phenotype, and a major CX3CR1 high monocyte-derived population 87, [109] [110] [111] [112] [113] (reviewed by Persson et al 112 ). In healthy intestines, monocyte-derived CXCR3 + cells are predominantly or exclusively resident (nonmigratory) noninflammatory sentinels, but in inflammation recruited monocytes also give rise to CCR7 + migratory T-cell-stimulating antigen-presenting cells that are functional DCs. 114 
Plasmacytoid DCs
In mice, CCR9 mediates recruitment of plasmacytoid DCs (pDCs) to the intraepithelial compartment of the small intestine 115 and to the thymus, where they contribute to the transport of peripheral antigens for central tolerance. 116 CCR7 contributes to localization of pDCs to organized lymphoid tissues. 117 Little is known about the signals that regulate localization of pDCs to the colon. Human pDCs appear to be CCR9 negative (reviewed by Mathan et al, 118 and our unpublished observations). Conversely, human but not mouse pDCs express the chemoattractant receptor CMKLR1, 119 whose ligand is up-regulated in the inflamed gut. 120 Thus, mechanisms of pDC traffic to the human intestine require further investigation, and species differences in DCs as well as T-cell trafficking must be considered when extrapolating preclinical studies to humans.
Gut-Homing Precursors of Intestinal DCs
Intestinal CD103 + cDCs, the predominant populations of cDC in the intestines, derive from circulating bone marrow-derived precursors that home to the gut wall. These include preconventional DCs, which can populate diverse tissues with conventional cDC1 and cDC2 subsets, and preconventional pDCs, which preferentially give rise to plasmacytoid DCs. 121, 122 Of particular relevance to the intestine, however, is the recent identification of premucosal DC (pre-μDC), a specialized gut-tropic precursor of intestinal DC. 86, 96 PreμDCs are B220 + CD11c int α4β7 + precursors that are present in the bone marrow and are particularly abundant in the small-intestine lamina propria and MLNs. 96 Pre-μDCs give rise to CD103 + cDC1, cDC2, and α4β7-negative CCR9 + pDCs in vitro and in vivo.
Interestingly, retinoic acid, which as noted earlier programs lymphocyte migration to the intestines, also enhances pre-μDC development in the bone marrow, 96 and programs the transcriptional and phenotypic specialization of developing intestinal cDC1 as well as cDC2. 123, 124 Interestingly, transfused pre-μDCs localize efficiently to the small-intestinal lamina propria, 96 even though they do not express CCR9. This localization is inhibited by anti-α4β7 and by anti-MADCAM1, but the chemoattractant pathway involved in their selective recruitment remains unknown. In contrast to pre-μDC, preconventional cDCs express CCR2 but lack dedicated gut-homing receptors; they localize less well to the intestines than pre-μDC, but are more abundant than the gut-tropic precursors in the bone marrow. The relative contribution of these distinct precursor populations to DCs in mucosal vs nonmucosal lymphoid tissues remains to be determined, and may depend not only on the tissue site, but also on the presence or absence of inflammation. Interestingly, however, recent studies have supported a critical role for α4β7 and for MADCAM-1 in reconstitution of intestinal cDCs, 125, 126 suggesting that the gut-tropic pre-μDCs are important in homeostatic settings. The trafficking receptors on human DC progenitors that direct them to specific intestinal tissues are not yet known.
Monocytes and Neutrophils
Circulating neutrophils and phagocytic monocytes provide the first line of defense against infection and play important roles in wound healing, but they also contribute to the pathogenesis of inflammatory bowel diseases. 127 Histologically, neutrophils are particularly prominent in ulcerative colitis. Myeloid cell recruitment plays a variable role in the pathogenesis of preclinical models of intestinal inflammatory disease, depending on the setting and timing. 127 For example, neutrophils are prominent in acute colitis, and inhibition of myeloid cell trafficking or function is highly effective in attenuating colitis in chemically induced models, but not in the CD45RB T-cell transfer model, which is predominantly Tcell mediated. Neutrophils and monocytes largely lack α4β7 and do not express receptors for the constitutive mucosal chemokines CCL25 and CCL28; thus, their recruitment to the intestines is mediated almost exclusively by inflammatory mechanisms (vascular selectins, L-selectin ligands, P selectin glycoprotein ligand 1 [PSGL1], and inflammatory chemokines), similar to the mechanisms they use to migrate to other tissues. The interested reader therefore is referred to recent comprehensive reviews for detailed discussion. 128, 129 
Ecto-Enzyme Vascular Adhesion Protein-1 and the Hyaluronan Receptor CD44
Ecto-enzymes expressed by endothelial cells and lymphocytes also regulate their interactions. 130 Among these, vascular adhesion protein-1 (VAP1) is of particular interest because it directly binds lymphocytes, and because it is a target of ongoing clinical trials in autoimmune disorders. VAP1 is a cell surface amine oxidase that mediates lymphocyte adhesion to endothelial cells. 131 Antibody to VAP1 inhibits binding of CD8 T cells and natural killer cells, but not of CD4 or B cells to HEV in an in vitro assay. 132 VAP1 mediates lymphocyte subtype-specific, selectin-independent recognition of vascular endothelium in human lymph nodes. 132 In vivo blocking studies have shown that VAP1 is involved in the migration of monocytes and granulocytes to sites of inflammation as well. 133, 134 The enzyme's amine oxidase activity can induce expression of E-and P-selectins on endothelial cells, 135 and it enhances MADCAM1 on hepatic vessels in a tumor necrosis factor (TNF)α-dependent manner, providing a possible mechanism for extraintestinal manifestations of IBD. 136 A smallmolecule inhibitor of the amine oxidase activity attenuates oxazolone-mediated experimental colitis. 137 The role of VAP1 in specific intestine lymphocyte and innate immune cell trafficking and development of IBD, however, requires further study.
Interaction between leukocyte transmembrane glycoprotein CD44 and hyaluronan, expressed by endothelial cells, has been implicated in slowing the rolling of lymphocytes and myeloid cells on endothelium (reviewed by Salmi and Jalkanen, 5 DeGrendele et al, 138 and McDonald and Kubes 139 ). CD44 also is expressed on intestinal endothelium, and both endothelial and lymphocyte CD44 are implicated in in situ interactions of polarized Th1 and Th2 cells with TNFα-stimulated lamina propria venules. Antibodies to different epitopes of CD44 inhibit binding of human lymphocytes to HEVs in frozen sections of appendix or of synovium and PLNs: HEV binding was not mediated by endothelial hyaluronan, indicating the potential for yet-to-be defined mechanisms and roles for CD44 in intestinal vascular recognition and lymphocyte homing. 140 Interestingly, CD44 ligation enhances lymphocyte binding to VAP1, suggesting the potential for CD44 antibodies or physiologic ligation to regulate alternative adhesion pathways. 141 The role of CD44-mediated vascular interactions in lymphocyte homing to resting or inflamed intestines, and in intestinal inflammation, deserves further study.
Trafficking Blockade and Intestinal Inflammation
In cotton-top tamarins, which develop spontaneous colitis, as well as in mouse models of Tcell-mediated colitis, administration of antibodies against integrin α4, or specifically against integrin α4β7, reduces inflammation and the severity of colitis. 70, [142] [143] [144] [145] These studies have led to the first clinical applications of antibodies to trafficking receptors for the treatment of IBD (see later).
Studies of chronic ileitis in mice, models of Crohn's disease, show complex mechanisms of lymphocyte recruitment during chronic small-intestinal inflammation. In the spontaneous SAMP1/Yit model of ileitis, pathogenic CD4 T cells are recruited not only through homeostatic α4β7/MADCAM1 mechanisms, but also through L-selectin. Attenuation of ileitis requires administration of antibodies to MADCAM1 and L-selectin, neither alone was effective. 146 L-selectin contributes to leukocyte rolling in a variety of settings: in the ileitis model L-selectin blockade reduced the accumulation of α4β1 high, but not of α4β7 high, cells in the gut wall, consistent with the reported role for VCAM1. 147 In Crohn's disease, inflammation penetrates the full thickness of the involved small-intestine walls, and although MADCAM1 is the predominant α4 integrin ligand in the lamina propria, inflamed vessels in the submucosae (similar to vessels in most nonintestinal environments) express VCAM1. Patients with IBD often have increased expression of the peripheral node addressin (epitopes associated with high-affinity ligands for L-selectin) on vessels in chronically inflamed intestinal tissue, consistent with L-selectin involvement in human disease as well. 148 Interestingly, however, intestinal venules in mouse chronic ileitis also express functional PSGL1, thought to mediate the L-selectin-dependent lymphocyte interactions; and neutralization of PSGL1 alone was sufficient to attenuate disease. 149 Further complicating matters, these studies suggest the involvement of multiple mechanisms for pathogenic T-cell recruitment. Thus, strategies to target more than one adhesion molecule may offer improved therapeutic efficacy in Crohn's disease. 150 However, the expression patterns of these vascular adhesion receptors in the inflamed small intestine of patients with Crohn's disease need to be determined.
Studies of the role of CCL25 and CCR9 in intestinal inflammation further highlight opportunities and challenges for therapeutic intervention. In the SAMP1/Yit spontaneous model of ileitis, inhibition of CCR9 or its ligand CCL25 attenuated early disease, but had no effect in later stages in the chronic ileitis model. 151 Lack of efficacy in later-stage disease corresponded to a reduction of CCR9 + lymphocytes in the ileum as disease progressed to a chronic state. 149 To further complicate matters, the effectiveness of a given intervention may depend on the relative contributions of, and effects on, regulatory vs inflammatory T-cell recruitment to the gut wall: CCR9/CCL25 mediates regulatory as well as effector cell homing to the small intestine, and in a TNFα-driven model of chronic ileitis CCR9 deficiency or anti-CCR9 administration actually exacerbated disease. 152 Although effects on tolerogenic CCR9 + pDCs (see later) or other CCR9-expressing cells were not excluded, increased ileitis correlated with reduced regulatory CD4 and/or CD8 T cells in the lamina propria and MLN. The adverse effect of CCR9 neutralization in these studies contrasts with the reported inhibition of early disease, in the same ileitis model, by a small-molecule antagonist of CCR9. 153 Together, these pre-clinical studies suggest that CCR9 and CCL25 can contribute to T-cell-mediated pathogenesis in ileitis, but also to regulatory T-cellmediated disease moderation in the small intestine. The relative effects of trafficking receptor inhibition on pathogenic vs regulatory cell homing and function should be considered in clinical trials.
Blockade of CCL25 in mice with acute or chronic chemically induced colitis, or deletion of CCR9 from host lymphocyte-deficient mice in the CD45RB T-cell transfer model of colitis, also exacerbated large-intestinal disease. 154, 155 Because CCL25 is poorly expressed in the colon and T-cell homing to the colon is not dependent on CCR9, it will be important to determine whether the adverse effects of CCR9/CCL25 inhibition in these colitis models is mediated by effects on CCR9 + tolerogenic pDCs.
Although the roles of CXCR3 and its ligand CXCL10 in leukocyte trafficking to the colon are not clear, it is of interest that messenger RNAs encoding these molecules increase with the development of colitis in interleukin 10-null mice, 156 and that blockade of CXCL10 reduces the severity of colitis in infectious and DSS mouse models of colitis. 157, 158 CXCR3-deficient mice are resistant to DSS-induced colitis. 159 CXCR3 and its ligands CXCL9, CXCL10, and CXCL11 are reportedly overexpressed in pediatric and adult patients with IBD. 160, 161 
Clinical Research Findings
A humanized antibody against α4-integrin (natalizumab), which blocks both α4β7/ MADCAM1 and α4β1/VCAM1 interactions, is effective for the treatment of Crohn's disease. [162] [163] [164] [165] Natalizumab also showed positive results in a limited trial in ulcerative colitis. 162 However, pan-α4 inhibitors suppress immunity throughout the body, including in the central nervous system, and prolonged natalizumab therapy was associated with activation of John Cunningham virus in the central nervous system, resulting in progressive multifocal leukoencephalopathy. 166 This devastating complication of suppression of systemic immune trafficking has led to an intense interest in more selective inhibitors. Vedolizumab selectively inhibits intestinal lymphocyte homing and has proven effective in ulcerative colitis 167 and Crohn's disease. 168, 169 An alternative approach is to target the integrin β7 subunit, to inhibit not only binding of integrin α4β7 to MAD-CAM1, but also of integrin αEβ7 integrin αEβ7 (or CD103 and CD18) to epithelial E-cadherin. Integrin αEβ7 also is highly expressed by intestinal DCs. 86, 92 Antibodies against the β7 subunit therefore might alter DC interactions and functions, and could reduce activation of inflammation-inducing T cells in patients with IBD. In a phase 2 trial, etrolizumab (a humanized rat monoclonal antibody 170 against mouse and human integrin β7) enhanced the frequency of clinical remission in patients with ulcerative colitis. 171 Future studies should further elucidate the mechanisms by which blocking integrins α4β7 and αEβ7 reduce disease in IBD. In addition to inhibiting lymphocyte access to the intestines, blocking integrin α4β7 or MADCAM1 might reduce the replenishment of intestinal DCs from gut-tropic bone marrow precursors. Inhibitors of integrins α4β7 and αEβ7 are likely to alter interactions among cells in the intestinal epithelium and lamina propria as well. Positive results were reported from a preliminary study of the effects of an antibody against MADCAM1 (PF-00547659) in patients with ulcerative colitis 172 ; the antibody now is being tested in larger trials of patients with ulcerative colitis or Crohn's disease.
The status of chemokine receptors as therapeutic targets recently was reviewed in depth. 173 Of particular relevance are efforts to target CCR9, whose ligand CCL25 is up-regulated in the inflamed small intestine of patients with Crohn's disease. 47 An orally administered antagonist of CCR9 (vercirnon, CCX282-B) met secondary end points in a randomized placebo-controlled trial, although primary end points were not met. 174 A subsequent trial currently is underway. Eldelumab, a human monoclonal antibody against the chemokine CXCL10 (a CXCR3 ligand), showed a trend toward efficacy in phase 2 clinical trials of patients with Crohn's disease or ulcerative colitis. 175, 176 
Future Directions
The intestine is a unique environment, in continuous contact with environmental stimuli and antigens. The small and large intestine contain a large number of immune cells, and the colon in particular provides one of the most important mucosal surfaces for host-microbe interactions. These interactions mediate normal metabolic and immune homeostasis in people with a healthy microbiome, but also can contribute to the development of IBD or other extra-intestinal disorders under conditions of dysbiosis. The mechanisms and significance of immune cell subset trafficking to the colon remains particularly understudied. Although many trafficking mechanisms studied are conserved among species, recent findings highlight significant differences between mice and humans in dendritic cell and T-cell trafficking receptor expression and use, with potentially major clinical implications. Nonetheless, the elucidation of intestine-specific immune cell trafficking pathways has provided the first gut-specific therapeutic agent for IBD (vedolizumab); ongoing efforts to define and manipulate gut-homing receptors and vascular addressins are likely to improve our understanding of immune cell subsets in intestinal immune homeostasis and in immune pathologies of the gastrointestinal tract. Small intestine and colon homing of lymphocytes. Antigens in the intestine are captured and processed by intestinal mononuclear phagocytes (MP), which include macrophages and DCs. DCs that have taken up antigen then up-regulate CCR7 expression, which directs their migration to GALT (eg, MLN) where they induce differentiation of naive T cells (T N ) into regulatory or effector T cells (T E ), and imprint them with trafficking receptors that direct them to the intestines. Localization of T and B cells to the small intestine (left) is mediated by α4β7 (which binds the vascular addressin MADCAM1) and CCR9. Expression of CCR10 together with α4β7 targets plasmablasts to the large intestine. Expression of α4β7
and GPR15, as well as additional chemoattractant receptor(s), mediates T-cell homing to the colon (right). As discussed in the text, CCR6 can direct T-cell recruitment to the intestines during inflammation but not during homeostasis; CCR5 may help direct Treg recruitment to the chronically inflamed distal small intestine, and CXCR4 may contribute to T-cell localization to the small and large intestine (gray letters). Model of the control of T-cell expression of GPR15 in mice and humans. In the model, the colon provides signals (potentially presented by colon-derived DCs in draining lymph nodes) that induce differentiation of T N cells into Th2 or Treg cells and also their expression of α4β7. Additional signals, including transforming growth factor (TGF)β, and products derived directly or indirectly from intestinal microbiota up-regulate GPR15 expression on Th2 cells in humans, but on Tregs (and Th17 cells, not shown) in the mouse. Expression of GPR15 is regulated by transcription factor binding to 3 prime GPR15 enhancer sequences. In human Th2 cells (top left), GATA3, a positive regulator of Th2 cell-specific transcription, binds to enhancer sequences to activate expression of GPR15. 69 In human Tregs (bottom left), the transcriptional repressor FOXP3 binds this enhancer region strongly, reducing expression of GPR15 in activated (FOXP3 + ) Tregs in the normal or inflamed colon. In contrast, altered enhancer sequences in the mouse do not bind GATA3, so that transcription is not activated in mouse Th2 cells (top right), and bind Foxp3 only poorly, allowing expression in Tregs (bottom right). Although other regions of the gene and regulators clearly are involved, the differences in enhancer binding by these important transcriptional regulators likely mediates the differences in GPR15 expression observed in human vs mouse T cells. These differences would affect translation of findings from mouse studies to humans.
